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1. INTRODUCTION
Carbon nanotubes (CNTs), due to their excellent physical
and mechanical properties, have attracted researchers world
wide as reinforcement in polymer1,2, metal3,4, and ceramic
matrices5-7. However many challenges still remain before
realising the full potential of CNTs as reinforcements.
These challenges range from weak adhesion between the
matrix and the reinforcement due to surface incompatibility
of CNTs with the matrix, to processing challenges for
better dispersion, which limit the original effect of CNTs
as reinforcements and thus limit their applications. Therefore,
there is a need for suitable surface modification of CNTs
to make CNTs compatible with the matrices.
In recent years, lots of researches have been done
on coating of CNTs with suitable materials to tackle the
agglomeration of CNTs and the weak interface between
CNTs and the matrix. Ability to deposit well-controlled
coatings on CNTs would offer wide range of technological
applications based on the change in their physical and
chemical properties. Electroless plating8 and dc electrophoretic9
techniques have been used to coat CNTs with silver. Chemical
method like redox reaction was employed to develop Co-
B alloy coatings on CNTs10. Many researchers have used
techniques like pulsed vapour deposition, thermal reactions
to develop metal and metal oxide coatings on CNTs11-16.
Shi17-18, et al. have reported the surface modification of
nano particles and CNTs by plasma coating method for
better dispersion of nano materials and also for surface
compatibility of the nano particles with various matrices.
Theoretical possibility of uniform coating on CNTs with
a monolayer of physisorbed atoms was reported by Siber19
based on the symmetries and binding energies of the
adsorbate coating as a function of CNT radius.
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Developing a suitable coating layer on CNTs before
using these in the ceramic matrix is now emerging as a
new field of study. Efforts have been devoted to design
and synthesise zirconia-coated CNTs by different techniques20
and its composites. Here, sol-gel method is used for developing
zirconia coatings on CNTs. The sol-gel method is very
widely used technique for applications ranging from developing
nano ceramic coatings to various ceramic composites.
Incorporation of CNTs in borosilicate21 and alumina22 matrices
through sol-gel method are reported with promising results.
Sol-gel method, based on silane precursor, is also employed
for surface modification of multiwalled carbon nanotubes
(MWCNTs) to make these compatible with PMMA matrix23.
Sol-gel-based zirconia-silica oxidation-resistant coatings
on C-C composites were reported24 earlier by some research
groups.
In the present work, MWCNTs were coated with zirconia
to tailor the surface of the CNTs for better oxidation resistance
as well as to improve the compatibility of the CNTs with
ceramic matrix. Coated-CNTs were sintered and the effect
of sintering temperature on the performance of the coatings
was investigated. These results will have implications in
easy processing of CNT-reinforced zirconia-toughened alumina
composites.
2. EXPERIMENTAL WORK
2.1 Materials
The MWCNTs (92 % purity) used for coating were
synthesised in-house by aerosol-assisted CVD method
from ferrocene toluene mixture. The synthesised CNTs
were purified by heat treatment at 450 oC for 90 min to
remove amorphous carbon, followed by refluxing in nitric
acid to remove metal catalyst impurities. These purified
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Figure 2. Particular MWNT before coating: (a) TEM and (b) HRTEM micrographs.
MWCNTs were dispersed and coated with zirconia by sol-
gel method. Typical experimental procedure for coating
MWCNTs with zirconia is shown as flow chart in Fig. 1.
The following steps were involved:
 Zirconia sol was prepared by stirring the mixture of
ZrOCl
2
 8H
2
O/ethanol/H
2
O in the molar ratio of
0.05:2.38:1.11.
 Purified MWCNTs were added into the sol and the
mixture was ultrasonicated in a bath type ultra sonicator
for 15 min.
 Then the sol-CNT mixture was allowed to stand for
30 min allowing CNTs to settle down.
 Excess sol was decanted and the MWCNTs were allowed
to undergo room temperature drying for 24 h.
 The above procedure was repeated for 3 times to
obtain thick coatings of zirconia.
 Coated-MWCNTs were sintered at 700 °C and 1200
°C under nitrogen atmosphere for 1 h to improve the
adhesion of ceramic layer on MWCNTs.
2.2 Characterisation
Coated MWCNTs were characterised using Raman
spectroscopy (Horiba Zobin Yvon T64000, Ar+ laser,
l=514.5 nm), x-ray diffraction (XRD) (Philips PW1830),
environmental scanning electron microscopy (ESEM) (Quanta
400), and transmission electron microscopy (TEM) (FEI
Tecnai 20T). The TGA studies were carried out (with temperature
ramp rate of 10 °C/min under air flow of 80 ml/min) for
zirconia-coated-MWCNTs before and after sintering to study
the improvement in the oxidation resistance.
3. RESULTS AND DISCUSSION
The TEM results (Fig. 2) show that MWNTs used for
coating are having outer diameter in the range of 25-50 nm,
the inner diameter in the range of 5-30 nm, and lengths
in tens of microns. The high resolution TEM (HRTEM)
micrograph of a particular MWNT (Fig. 2(b)) shows
approximately 25 well graphitised carbon lattice fringes.
Raman spectroscopy result of MWNT (Fig. 3) before coating
shows G peak at 1579 cm-1 and D peak at 1345 cm-1. Both
the G and D peaks show splitting. Splitting of G peak
is also observed for Raman shift around 1604 cm-1which
may be due to small inner diameter of the CNTs25-26. Low
I
G 
/I
D
 ratio (0.96) indicates that carbon deposits present
are mostly defective. The XRD results in Fig. 4 show that
initially after coating, zirconia is in amorphous phase but
when sintered at 700 °C or 1200 °C, crystalline phases of
zirconia were formed. All the peaks in XRD correspond
(a) (b)
Figure 1. Schematic representation of experimental procedure for coating on MWCNTs with zirconia.
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to ZrO
2
 phase, which corresponds that no other phase
was formed during coating or sintering of the coated-
CNTs. Raman spectroscopic analysis of coated and sintered
CNTs is shown in Fig. 3. The D and G bands for the
sample sintered at 700 °C are at 1343 cm-1 and at 1579 cm-1,
respectively.
For the sample sintered at 1200 °C, the D and G bands
were observed at 1343 cm-1 and at 1577 cm-1, respectively.
The I
G
/I
D
 ratios for the samples sintered at 700 °C or
1200 °C were 1.05 and 1.02, respectively. Generally due
to high temperature treatment of CNTs, I
G
/I
D
 ratio should
increase but here it has been observed that there was not
so much increase in I
G
/I
D
 ratio which may be due to the
fact that all the CNTs are properly coated with zirconia,
therefore, these are not exposed to high temperature treatment.
The ESEM images of coated-CNTs before and after sintering
are shown in Fig. 5. It is observed from Fig. 5(b) that
zirconia used for coating the MWNTs are mainly in agglomerate
Figure 3. Raman spectroscopy analysis of MWNT without and
with coating.
Figure 4. XRD analysis of coated MWNTs before and after
sintering.
RAMAN SHIFT (cm-1) 2q (°C)
IN
T
E
N
S
IT
Y
 (
A
R
B
IT
R
A
R
Y
 U
N
IT
)
IN
T
E
N
S
IT
Y
 (
A
R
B
IT
R
A
R
Y
 U
N
IT
)
Figure 5. Environmental scanning electron microscope images of MWNTs: (a) without coating, (b) after coating, (c) coated and
sintered at 700 °C, and (d) coated and sintered at 1200 °C.
(a) (b)
(c) (d)
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form, but after sintering the presence of zirconia agglomerates
reduces (Figs 5(c) and 5(d)). This might be due to the fact
that zirconia coating on the CNTs adhers well after sintering.
The TEM images of coated-CNTs sintered at 700 oC
are shown in Figs 6(a) and 6(b). It is seen from the figure
that proper coating is there on the CNT and the thickness
of the coating is of the order of 10 nm. The EDAX analysis
of the tube confirms the presence of zirconia as shown
in Fig. 6(c). The SAD pattern from a coated-CNT is shown
in Fig. 6(d). Indexing of the pattern validates the presence
of zirconia both in monoclinic and tetragonal systems,
which are stable at room temperature and at high temperature,
respectively. The presence of tetragonal phase is very
much important for using these zirconia-coated CNTs for
reinforcing in zirconia-toughened alumina composites as
during the processing of this material, tetragonal zirconia
is converted to monoclinic phase which provides better
adhesion between zirconia and alumina.
The TGA result (Fig. 7) shows that blank MWCNTs
were almost completely oxidised by 530 °C. Whereas, weight
loss of zirconia-coated and sintered MWCNTs starts after
600 °C while coated MWNTs without sintering does not
show better oxidation resistance. This is due to the fact
that when sintered, zirconia coating on the CNTs has
adhered well and offered better oxidation resistance. The
TGA curves also show that the MWCNTs coated with
zirconia and sintered at 700 °C offer better oxidation resistance
at high temperature compared to the coatings sintered at
Figure 6. (a) High magnification and (b) low magnification TEM images of coated and sintered MWNTs, (c) EDAX analysis of the
coated-tube showing presence of zirconia and unmarked peaks in the centre are coming from Cu grid, and (d) indexed-
SAD ring pattern of the tube revealing presence of zirconia in both monoclinic and tetragonal forms.
1200 °C. The reason is attributed to the mismatch in the
surface area of the zirconia layer formed with the substrate
surface area for the high temperature-coated sample. This
phenomenon may be very much similar to alumina coating
where surface area of the sintered product depends on
the temperature of the treatment. When alumina is sintered
at 1200 oC, final surface area of the sintered alumina is
10 m2/g whereas for sintering27 at 800 oC, this is 150 m2/g.
(a)
(d)
(b)
(c)
Figure 7. TGA study showing oxidation resistance of MWNTs
in different conditions.
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This has got relevance to the coating performance, as the
surface area of the coating should match with the surface
area of the substrate. The surface area of the MWCNTs
is 150 m2/g, therefore, sintering the coating at 700 oC is
preferable as it matches exactly with the substrate surface
area. If there is no mismatch in the surface area of the
CNTs and the coating, there will be no agglomeration. But,
if coated-MWCNTs are sintered at high temperature, the
coating layer shrinks and gives lumps of CNTs. Due to
this, for sintering at 1200 oC, all the MWCNT surface area
is not protected by zirconia layer which make the bare
MWCNTs to get exposed to the oxidation environment.
This kind of bare CNTs surface is also not good if these
ceramic-coated CNTs are to be used in the ceramic matrices
as reinforcements. Therefore, proper selection of sintering
temperature of coating is important to have better adhesion
of the coated-CNTs with the matrix, and thereby, to improve
composite properties.
4. CONCLUSIONS
The sol-gel method was used to coat MWCNTs with
zirconia at room temperature and the coated tubes were
sintered at high temperature. Sintering has improved the
adhesion of the coating with CNTs and thereby improved
its high temperature resistance. It is also observed that
the selecting proper sintering temperature is the key to
ensure a uniform coating layer on the CNTs. If this process
is employed for large quantities with proper process control
to remove the excess sol in each coating deposition step,
it is possible to control the weight percentage of the
coating deposited on the CNT surfaces, and thus, the
thickness of the coating. However, these are subject to
the ongoing investigation of the authors.
ACKNOWLEDGEMENTS
The authors thank Director, Advanced Systems Laboratory,
Hyderabad, and Director, Defence Metallurgical Research
Laboratory, Hyderabad, for their encouragement and permission
to publish these results and DRDO for the financial assistance.
REFERENCES
1. de Villoria, R.; Miravete, A.; Cuartero, J.; Chiminelli,
A. & Tolosana, N. Mechanical properties of SWNT/
epoxy composites using two different curing cycles.
Composites B, 2006, 37, 273-77.
2. Miyagawa, H.; Rich, M.J. & Drzal, L.T. Thermo-physical
properties of epoxy nanocomposites reinforced by
carbon nanotubes and vapor grown carbon fibers.
Thermochim Acta, 2006, 442, 67-73.
3. George, R.; Kashyap, K.T.; Rahul, R. & Yamdagni,
S. Strengthening in carbon nanotube/aluminium (CNT/
Al) composites. Scripta Materialia, 2005, 53, 1159-
163.
4. Goh, C.S.; Wei, J.; Lee, L.C. & Gupta, M. Simultaneous
enhancement in strength and ductility by reinforcing
magnesium with carbon nanotubes. Mater. Sci. Eng.
A, 2006, 423, 153-56.
5. Jiang, D.; Thomson, K.; Kuntz, J.D.; Ager, J.W. &
Mukherjee, A.K. Effect of Sintering temperature on
the SWNT toughened alumina composites. Scripta
Materialia, 2007, 56, 959-62.
6. Ning, J.; Zhang, J.; Pan, Y. & Guo, J. Fabrication and
mechanical properties SiO
2
 matrix composites reinforced
with carbon nanotubes. Mater. Sci. Eng. A, 2003,
357, 392-96.
7. Morisada, Y.; Miyamoto, Y.; Takaura, Y.; Hirota, K.
& Tamari, N. Mechanical Properties of  SiC composites
incorporating SiC-coated multi-walled carbon nano
tubes. Int. J. Refract. Met. H., 2007, 25, 322-27.
8. Feng, Y. & Yuan, H. Electroless plating of carbon
nano tubes with silver. J. Mater. Sci., 2004, 39, 3241-
243.
9. Samant, K.M.; Chaudhari, V.R.; Kapoor, S. & Haram,
S.K. Filling and coating of multiwalled carbon nanotubes
with silver by DC electrophoresis. Carbon, 2007, 45,
2126-129.
10. Liu, Z.; Xu, Z.; Yuan, Z.; Chen, W.; Zhou, W. & Peng,
L. A simple method for coating carbon nanotubes
with CoB amorphous alloy. Materials Science, 2003,
57, 1339-344.
11. Zhang, Y.; Zhang, Q.; Li, Y.; Wang, N. & Zhu. Coating
of carbon nano tubes with tungsten by physical vapor
deposition. Solid State Commu., 2000, 115, 51-55.
12. Ikuno, T.; Yasuda, T.; Honda, S.; Oura, K.; Katayama,
M.; Lee, J. & Mori, H. Coating carbon nanotubes
with inorganic materials by pulsed laser deposition.
J. Appl. Phys., 2005, 98, 114305.
13. Zhang, Y.; Franklin, N.W.; Chen, R.J. & Dai, H. Metal
coating on suspended carbon nanotubes and its
implication to metal-tube interaction. Chem. Phys.
Lett., 2000, 331, 35-41.
14. Sun, Z.; Zhang, X.; Han, B.; Wu, Y.; An, G.; Liu, Z.;
Miao, S. & Miao, Z. Coating carbon nanotubes with
metal oxides in a supercritical carbon dioxide-ethanol
solution. Carbon, 2007, 45, 2589-596.
15. Huang, Y.; Lin, J.; Ding, X.X.; Tang, C.; Gu, C.Z. &
Qi, S.R. Coating carbon nanotubes with iron oxide
using methanol-thermal reaction. Materials Letters,
2007, 61, 697-700.
16. Lin, J.; Huang, Y.; Ding, X.X.; Cheng, C.; Tang, C.
& Qi, S.R. Metal oxide coating on carbon nanotubes
by a methanol-thermal method. J. Nanosci. Nanotechnol.,
2005, 5, 932-36.
17. Shi, D.; Wang, S.X. & van Ooij, W.J. Uniform deposition
of ultrathin polymer films on the surfaces of Al
2
O
3
nanoparticles by a plasma treatment. Appl. Phys. Lett.,
2001, 78, 1243.
18. Shi, D.; Lian, J. & He, P. Plasma deposition of ultrathin
polymer films on carbon nanotubes. Appl. Phys. Lett.,
2002, 81, 5216.
19. Siber, A. Coating carbon nano tubes: Geometry of
incommensurate long-rage ordered-physisorbed
monolayers. Physics Reviews B, 2003, 68, 033406.
20. Sun, Z.; Zhang, X.; Na, N.; Liu, Z.; Han, B. & An,
DEF SCI J, VOL. 60, NO. 3, MAY 2010
342 Celebrating Sixty Years of Publication
G. Synthesis of ZrO
2
 carbon nanotube composites
and their application as chemiluminescent sensor material
for ethanol. J. Phys. Chem. B, 2006, 110, 13410-3414.
21. Boccaccini, A.R.; Acevedo, D.R.; Brusatin, G. & Colombo,
P. Borosilicate glass matrix composites containing
multiwalled carbon nano tubes. J. Euro. Ceram. Soc.,
2005, 25, 1515-523.
22. Mo, C.B.; Cha, S.I.; Kim, K.T.; Lee, K.H. & Hong,
S.H. Fabrication of carbon nano tube reinforced
nanocomposite by sol-gel process. Mater. Sci. Eng.
A, 2005, 395, 124-28.
23. Lu, K. Rheological behaviour of carbon nanotube-
alumina nanoparticle dispersion systems. Powder
Technology, 2007, 177, 154-61.
24. Feng, H. J. & Ronag, Z.X. ZrO
2
-SiO
2
 gradient multilayer
oxidation protective coating for SiC coated carbon/
carbon composites. Surf. Coat. Techol., 2005, 190,
255-59.
25. Zhao, X.; Ando, Y.; Qin, L.; Kataura, H.; Maniwa,
Y. & Saito, R. Multiple splitting of G-band modes
from individual multiwalled carbon nanotubes. Appl.
Phys. Lett., 2002, 81, 2550.
26. Benoit, J.M.; Buisson, J.P.; Chauvet, O.; Godon, C.
& Lefrant, S. Experiments and low-frequency Raman
studies of multiwalled carbon nanotubes: Theory.
Physics Reviews B, 2002, 66, 073417.
27. Gnanam, F.D. Sol-gel processing of advanced ceramics.
Oxford & IBH Publishing Co Pvt. Ltd, London, 1996.
Mr Alex Daniel obtained his BTech (Polymer Engg) from
Mahatma Gandhi University, Kottayam, Kerala, in 2003.
Presently, he is working as Scientist at ASL, Hyderabad. His
areas of interest include: Synthesis of CNTs, their composites
for structural applications, and ceramics for high temperature
erosion-resistant and electromagnetic applications.
Mr I. Srikanth obtained his MSc (Chemistry) from Andhra
University, and MTech (Corrosion Engineering) from IIT
Bombay, Mumbai. Presently, he is working as Scientist at
ASL, Hyderabad. His areas of interest include: Processing
of CNT composites for structural applications, and ablation-
resistant composites.
Mr Anil Kumar  obtained his BTech (Chemical Engineering)
from Osmania Universi ty,  and MS from Universi ty of
Massachusetts, Lowell, USA. Presently, he is working as
Scientist and Head, Ceramic Matrix Composites Division,
ASL, Hyderabad. His areas of interest include: High temperature
ceramics, and nanocomposites.
Mr Rajdeep Sarkar  obtained his MTech (Metallurgical
Engineering) from IT-BHU. Presently, he is working as a
Scientist in the Electron Microscopy Group, Defence Metallurgical
Research Laboratory (DMRL), Hyderabad.  His fields of
specialisations are: Characterisation of nanomaterials and Ti
alloys using  scanning electron microscope, environmental
scanning electron microscope, dual-beam SEM, transmission
electron microscope, high resolution TEM, in-situ nanoindentation
in TEM.
Dr Partha Ghosal obtained his PhD (Metallurgical Engineering)
from IT-BHU. Presently, he is working as a Scientist in the
Electron Microscopy Group, DMRL, Hyderabad. His fields
of specialisations are: Nanomaterials characterisation, defects/
faults characterisation, intermetallic compounds, structure
determination, electron microscopy.
Mrs G. Rohini Devi obtained her BTech (Chemical Engineering)
from REC, Warangal, and MTech from IIT, Chennai. Presently,
she is working as Outstanding Scientist and Associate Director,
ASL, Hyderabad. Her areas of interest include: Carbon-carbon
composites, high temperature ceramics, elastomers, and
nanocomposites.
Contributors
Mr R. Manivannan obtained his MSc (Chemistry) from
Annamalai University, and MPhil (Inorganic Chemistry) from
University of Madras. Presently, he is working as Scientist
at Advanced Systems Laboratory (ASL), Hyderabad. His
areas of interest include: Development of high temperature
ceramic radome, ultrahigh temperature ceramics, and sol-gel
coatings.
